University of Vermont

UVM ScholarWorks
Rubenstein School of Environment and Natural
Resources Faculty Publications

Rubenstein School of Environment and Natural
Resources

8-1-2016

Changing forests-changing streams: Riparian forest stand
development and ecosystem function in temperate headwaters
Dana R. Warren
Oregon State University

William S. Keeton
University of Vermont

Peter M. Kiffney
NOAA Northwest Fisheries Science Center

Matthew J. Kaylor
Oregon State University

Heather A. Bechtold
Lock Haven University

See next page for additional authors

Follow this and additional works at: https://scholarworks.uvm.edu/rsfac
Part of the Climate Commons

Recommended Citation
Warren DR, Keeton WS, Kiffney PM, Kaylor MJ, Bechtold HA, Magee J. Changing forests—changing
streams: riparian forest stand development and ecosystem function in temperate headwaters. Ecosphere.
2016 Aug;7(8):e01435.

This Article is brought to you for free and open access by the Rubenstein School of Environment and Natural
Resources at UVM ScholarWorks. It has been accepted for inclusion in Rubenstein School of Environment and
Natural Resources Faculty Publications by an authorized administrator of UVM ScholarWorks. For more
information, please contact scholarworks@uvm.edu.

Authors
Dana R. Warren, William S. Keeton, Peter M. Kiffney, Matthew J. Kaylor, Heather A. Bechtold, and John
Magee

This article is available at UVM ScholarWorks: https://scholarworks.uvm.edu/rsfac/114

SYNTHESIS & INTEGRATION

Changing forests—changing streams: riparian forest stand
development and ecosystem function in temperate headwaters
Dana R. Warren,1,2,† William S. Keeton,3 Peter M. Kiffney,4 Matthew J. Kaylor,2
Heather A. Bechtold,5 and John Magee6
1Department

of Forest Ecosystems and Society, Oregon State University, Corvallis, Oregon 97331 USA
of Fisheries and Wildlife, Oregon State University, Corvallis, Oregon 97331 USA
3Gund Institute for Ecological Economics, and The Rubenstein School of Environment and Natural Resources,
University of Vermont, Burlington, Vermont 05405 USA
4Fish Ecology Division, Northwest Fisheries Science Center, National Marine Fisheries Service, NOAA,
2725 Montlake Blvd. East, Seattle, Washington 98112 USA
5Department of Biological Sciences, Lock Haven University, Lock Haven, Pennsylvania 17745 USA
6New Hampshire Fish and Game Department, Concord, New Hampshire 03301 USA
2Department

Citation: Warren, D. R., W. S. Keeton, P. M. Kiffney, M. J. Kaylor, H. A. Bechtold, and J. Magee. 2016. Changing forests—
changing streams: riparian forest stand development and ecosystem function in temperate headwaters. Ecosphere
7(8):e01435. 10.1002/ecs2.1435

Abstract. Light availability influences temperature, primary production, nutrient dynamics, and second-

ary production in aquatic ecosystems. In forested freshwater ecosystems, shading by streamside (riparian)
vegetation is a dominant control on light flux and represents an important interaction at the aquatic–
terrestrial interface. Changes in forest structure over time, particularly tree mortality processes that gradually increase light penetration through maturing forest canopies, are likely to influence stream light fluxes
and associated ecosystem functions. We provide a set of conceptual models describing how stream light
dynamics change with the development of complex canopy structure and how changes in light availability are likely to affect stream ecosystem processes. Shortly after a stand-replacing event, light flux to
the stream is high, but light fluxes decline as canopies reestablish and close. Tree density, the degree of
understory growth, patterns of tree mortality, and small-scale disturbances interact as drivers of multiple
pathways of forest structural development. Changes in canopy structure will, in turn, influence stream
light, which is expected to impact primary production and stream nutrient dynamics as well as the amount
of autochthonous carbon supporting aquatic food webs. Ultimately, these conceptual models stress the
importance of recovery from historic forest disturbances as well as future forest change as important factors influencing the long-term trajectories of ecosystem processes in headwaters.
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Introduction

with successional and stand development trajectories (North and Keeton 2008, Burton et al. 2009,
Donato et al. 2012, Seidl et al. 2014). In temperate forested biomes, disturbance dynamics (and
recovery from disturbance) that lead to changes

Contemporary understanding of controls
on forest ecosystem processes emphasizes the
dynamic role of disturbance and its interaction
v www.esajournals.org
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in growth, community composition, and overall
structural characteristics of trees have important
implications for terrestrial ecosystems and for
adjacent aquatic environments. Changes in community composition and in the structure of riparian forests can alter the characteristics and function
of forested freshwater ecosystems over time as a
result of changes in the direct input of nutrients,
organic matter, and large wood (Vitousek and
Reiners 1975, Naiman and Decamps 1997, Valett
et al. 2002, Warren et al. 2007). Changes in the
structure of riparian forests also impact stream
processes indirectly by changing the amount and
spatial distribution of light fluxes to headwater
streams (Keeton et al. 2007, Warren et al. 2013).
In this synthesis, we integrate the concept of multiple trajectories of stand structural development
with our understanding of how stand structure in
the riparian forest influences light and stream ecosystem processes. From this, we present a series
of conceptual models illustrating how alternate
stand development pathways in the riparian forest could affect long-term trajectories of change in
associated stream environments.
Light availability is a fundamental constraint
on autotrophic production in terrestrial and
aquatic environments. The influence of light is
particularly important in forested headwater
ecosystems where primary production rates and
algal standing stocks can be regulated by the
amount of photosynthetically active radiation
(400–700 nm wavelength) reaching the streambed (Boston and Hill 1991, Hill et al. 1995, Julian
et al. 2011). In these systems, light availability is
controlled primarily by streamside vegetation;
therefore, changes in the structure and composition of these streamside (riparian) plant communities can alter light flux, influencing stream
primary production which, in turn, modifies
stream nutrient dynamics and higher trophic
level production (Noel et al. 1986, Boston and
Hill 1991, McTammany et al. 2007, Sobota et al.
2012). Forested headwater streams run beneath
the canopy, and we can therefore use research on
understory light dynamics from terrestrial environments to develop hypotheses about how light
flux to forested streams will change over time as
stand structure changes (Emborg 1998, Parker
et al. 2002, Bartemucci et al. 2006).
The greatest understory light levels occur after
stand-replacing events such as forest harvest,
v www.esajournals.org

fires, or large windstorms that remove canopy
shading. Following a high-intensity disturbance
event, reestablishment of vegetation, particularly
woody vegetation, leads to decreases in light
availability as forest canopies develop and then
ultimately close over the stream. However, as the
riparian plant community recovers, forest structure may develop along a range of trajectories
in response to plant successional dynamics, soil
conditions, climate, and interactions with a range
of disturbance types and intensities (Van Pelt
et al. 2006, Burton et al. 2009, Romme et al. 2011,
Reilly and Spies 2015). In widely used conceptual models of stream light dynamics over time
that focus on forests in the Intermountain West
and Pacific Northwest regions of North America,
riparian shading is predicted to reach a maximum 40–80 yr after stand replacement (Gregory
et al. 1987, Minshall et al. 1989). In this “stem-
exclusion” or “self-thinning” phase in the riparian
forest, competition among adjacent trees for light
leads to individual tree mortality and a dense,
closed canopy where gaps are filled quickly by
adjacent tree growth (Sedell and Swanson 1984,
Gregory et al. 1987, Oliver and Larson 1996).
Eventually, light flux may increase late in stand
development as complex canopy structure reestablishes. The density of residual trees (i.e., survivorship postdisturbance) during early stages of
development can affect the degree of canopy coverage and how canopy coverage changes as these
stands age. If trees regenerate at a high density
and if high-intensity disturbances are infrequent,
the canopy may remain closed until competition
among adjacent trees for light and belowground
resources thins the stand (Franklin et al. 2002). In
cases where tree density is low in recovery from
a stand-replacing event or if local disturbances
occur frequently, the stem-exclusion phase may
be short in duration or entirely absent. Regardless
of initial density, stands will generally develop
greater canopy complexity given adequate time.
Increased understory growth and the development of multiple canopy layers are facilitated
to a greater degree when canopy gaps cannot
be filled by lateral growth of adjacent individuals (Franklin et al. 2002). The gaps created by
tree senescence, pathogens, pests, or small-scale
disturbance events ultimately lead to increases in
localized understory light fluxes, and increased
light to the understory promotes the growth of
2
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previously suppressed vegetation (Van Pelt et al.
2006). Over time, the spatiotemporal nature of
these gaps contributes to a complex forest structure consisting of multiple layers. Canopy gaps
not only increase average light availability to
the understory but they also increase light flux
to associated streams (Stovall et al. 2009, Curzon
and Keeton 2010, Gravel et al. 2010).
While the pathway described above is a useful
benchmark for understanding stand development
processes, especially in areas where there has
been complete stand removal/replacement, recent
evidence suggests that pathways of development
can be considerably more complex depending
on forest community, region, climate, and disturbance dynamics (Lorimer and Halpin 2014, Reilly
and Spies 2015). Current models increasingly
recognize the wide range of development trajectories and the importance of intermediate intensity or partial disturbances in creating complex
canopy architecture and multiaged structures in
which canopy closure and ground-level light varies dynamically over time and space, but not necessarily in accordance with the developmental
pathway described above (Woods 2004, Hanson
and Lorimer 2007). Forest clearing has been prevalent in the riparian zone of streams across North
America and around the world over the past
100 yr, and we frame this study within the context of recovery from a complete stand removal
event (e.g., few remnant trees, snags and dead
wood following harvest). From the perspective of
stream light, changes that influence the size and
frequency of canopy gaps and other structural
characteristics that affect light exposure on the
forest floor (and in turn streams that run along
the forest floor) are particularly important.
Changes in light associated with the development of greater structural complexity in riparian
forests are an important consideration for ecological studies in the coming century. Currently,
a majority of forest ecosystems across temperate
North America are recovering from land clearing (stand removal) associated with historic forest management, agriculture, and development
(Foster et al. 1998, Pan et al. 2011, Brooks et al.
2012, Richardson et al. 2012). While wholesale
harvest continues to occur in forest uplands,
removal of riparian vegetation due to logging or
land-use conversion has declined substantially in
many regions of North America (Lee et al. 2004).
v www.esajournals.org

For example, in the northeastern North America,
riparian forests have been regenerating for
almost a century; while in the Pacific Northwest
changes implemented under the 1993 Northwest
Forest Plan dramatically shifted riparian management on federal forests toward protection
of riparian buffers and long-term restoration of
late-successional characteristics (Gregory 1997,
Richardson et al. 2012). The latter includes forest management of young to mature stands, such
as variable density thinning and under planting
of shade-tolerant conifers to enhance the development of complex canopy structure. Generally,
contemporary management practices across
North America emphasize some degree of protection for riparian buffers and corridors (Stuart
and Edwards 2006, Naiman et al. 2010), although
forestry practices vary considerably typically
based on stream size, presence of fish, and potential for landslides (Blinn and Kilgore 2001, Lee
et al. 2004, Richardson et al. 2012). The collective
area of regenerating forest with stands between
40 and 80 yr of age encompasses millions of hectares across the continent (USDA Forest Service
2001, Pan et al. 2011), and within these forests,
there are hundreds of thousands of kilometers
of forested headwater streams. Regardless of the
specific type of forest practice or disturbance,
the coming century should bring a transition
in many forests to increasingly complex stand
structures with concurrent shifts in stream light
availability (Franklin and Van Pelt 2004).
Most empirical work exploring the relationships between changing riparian forests and its
influence on stream biota and stream ecosystem
processes consider short-term (< 5 yr) responses.
Studies on aquatic–terrestrial linkages have
demonstrated the importance of riparian forests
in regard to allochthonous carbon inputs that
support stream food webs (Fisher and Likens
1972, Wallace et al. 1997, Hall et al. 2000) and in
regard to large wood, which are key structural
elements in streams (Bilby 1981, Montgomery
et al. 1995, Gregory et al. 2003). Long-term stand
development dynamics in the riparian zone have
been incorporated into wood and litter input projections (Benda et al. 2002, Meleason et al. 2003,
Warren et al. 2009), but stand development processes are rarely considered in exploring changes
in stream light over longer time periods. The few
existing papers presenting conceptual diagrams
3
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influence on stream algal accrual than nutrient
availability (Wellnitz et al. 1996, Ambrose et al.
2004, Bernhardt and Likens 2004, Greenwood and
Rosemond 2005). Because primary production is
closely associated with light, localized areas of elevated light that are created by canopy gaps are
likely to have large influences on primary production both locally and in aggregate at the reach scale
(Denicola et al. 1992, Hill et al. 1995, 2009, Stovall
et al. 2009, Warren et al. 2016). Nutrient limitation
is also important in forested headwaters, and the
response to increasing light can be enhanced in
systems with higher nutrients or inhibited in systems with lower nutrient availability (Kiffney
2008, Hill et al. 2009, Bernot et al. 2010, Sobota
et al. 2012). Given the interaction of light, an nutrient demand by stream periphyton, increases in
light that promote primary production, may also
lead to greater nutrient demand—and therefore
increases in reach-scale nutrient uptake (Johnson
et al. 2009, Bernot et al. 2010, Finlay et al. 2011,
Sobota et al. 2012, Warren et al. 2016). The second
reason that small increases in stream light are
likely to yield biologically meaningful responses
in headwater streams is the potential for increases
in the availability of “high-quality” food for invertebrates and fish that feed on benthic periphyton.
Stream periphyton typically has a lower carbon-
to-nitrogen ratio (C:N) than most allochthonous
detritus (e.g., leaves and needles; Sterner and Elser
2002, Cross et al. 2005, Allen and Castillo 2007).
With more N per unit biomass, the energetic benefits of assimilation increase for the same mass of
material consumed, making periphyton a higher
quality food source for consumers than leaf detritus (Pandian and Marian 1986, McCutchan and
Lewis 2002, Cross et al. 2005, Hill et al. 2010). These
increases in energy- and nutrient-rich food
resources can in turn yield substantial bottom-up
effects on stream food webs (Murphy et al. 1981,
Kiffney and Roni 2007, McNeely et al. 2007,
Kiffney et al. 2014). In addition, these changes
likely result in changed benthic community composition, and this may further impact the food
web and subsequent fish production (Steinman
et al. 1997, Power and Dietrich 2002).

of long-term changes in stand development and
its influence on streams via changing light are
derived from the western USA (Pacific Northwest
and Intermountain west), and they tend to focus
the response of biota along a single development
trajectory (Sedell and Swanson 1984, Gregory
et al. 1987, Minshall et al. 1989, Gresswell 1999,
Mellina and Hinch 2009). The goal of this synthesis is to advance the broader framework for
considering long-term changes in the riparian
forests by more explicitly addressing development of late-successional forest structure and
by explicitly presenting multiple stand development trajectories. While these processes have
been considered in conceptual and empirical
models focused on long-term trajectories in wood
recruitment (Hedman et al. 1996, Benda et al.
2002, Meleason et al. 2003, Warren et al. 2009),
they have not been included in our understanding of stream light dynamics. We focus here on
light availability due to its importance in stream
ecosystems, even when fluxes are relatively low
(McCutchan and Lewis 2002, Lau et al. 2009b,
Matheson et al. 2012). Further, by advancing the
conceptual framework that relates riparian forest
age and structure to stream food webs via bottom-up process and controls on stream light, this
synthesis will help meet a demand in stream restoration to place riparian areas in a larger stream
food web context (Naiman et al. 2012).

Importance of Light in Headwater
Streams
Changes in canopy structure that create even
small changes in stream light flux are likely to
influence stream ecosystem function and structure
in forested headwaters for two reasons. First, primary production can be limited by light availability in shaded forest streams (Boston and Hill 1991,
Hill et al. 1995, Quinn et al. 1997, Hill and Dimick
2002). Light fluxes to the benthos of forested headwaters are often below the point of photosaturation for benthic primary producers; therefore,
increasing light in these systems often leads to
rapid and substantial increases in primary production (Boston and Hill 1991, Hill et al. 1995,
2009, Von Schiller et al. 2007). Even in systems
where primary production may become light saturated fairly quickly (between 200 and
300 μmol·m−2·s−1), light can have a much stronger
v www.esajournals.org

Conceptual Models
We present a set of conceptual models that represent five alternative development pathways for
4
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forest structure. Although we focus on these
pathways to illustrate the conceptual framework,
there are many more ways in which stand development, community composition, and disturbance dynamics can interact to affect riparian
forest structure and function (Naiman et al. 2010).
In the conceptual figures, we hypothesize how
riparian forest changes over time are likely to
influence stream light and a set of associated ecosystem processes that are influenced directly and
indirectly by light for each developmental pathway (Figs. 1–5). We focus on relationships with
light, but the ecosystem processes evaluated here
can be influenced by other factors that operate at
different spatial and temporal scales. For example, algal growth rates in streams can be affected
by nutrient additions in both high-and low-light
conditions—although the magnitude of the
response is often muted in low light (Greenwood
and Rosemond 2005, Warren et al. 2016). Simil
arly, stream nutrient uptake can be influenced by
stream habitat features such as wood dams that
retain allochthonous carbon and thereby enhance
local heterotrophic nutrient demand (Steinhart
et al. 2000, Valett et al. 2002). Habitat features
such as wood structure and stream pools can also
affect nutrient uptake through controls on stream
transient storage and flow path length (Hall et al.
2002, Ensign and Doyle 2005). We focus here on
light dynamics because light is not as well understood or as well studied as a stream resource that
changes over long time periods. In addition to
average light flux, we discuss variability in light
flux (blue dotted line in Figs. 1–5) defined by the
spatial heterogeneity in light along a forested
stream. While this has received relatively little
attention, we expect that spatial variability in
light along the stream has the potential to be
important because localized areas of elevated or
reduced light flux can create “hotspots” and
“coolspots” of primary production (Stovall et al.
2009, Warren et al. 2016), and nutrient demand
along the stream (Bernot et al. 2010, Sobota et al.
2012). In streams, hotspots of primary production
and nutrient uptake affect not only local processes
and local biota but also processes and biota downstream of the hotspot, and they may therefore
have disproportionate influence on the system
(McClain et al. 2003, Kiffney et al. 2006).
In all of the scenarios, we explore a stand-
replacing disturbance to the riparian forest with
v www.esajournals.org

the greatest light availability occurring immediately following the event. The response variables
addressed in the models include the following:
gross primary production (GPP), the relative
contribution of autochthonous carbon to stream
food webs, and stream nutrient demand/uptake/
processing. In forested headwater streams, primary production is generally dominated by
periphyton (a complex mixture of attached autotrophs, and heterotrophic bacteria and fungi
embedded in a polysaccharide matrix) on rocks
and wood substrates (Power and Dietrich 2002).
We expect primary production at the reach
scale (green line on Figs. 1–5) to largely match
that of light dynamics (yellow line on Figs. 1–5)
with high initial levels but steep declines early
as canopies close. Subsequent changes in GPP
are dependent upon riparian forest disturbance
dynamics and canopy structural development
that influence stream light. The tight relationship
between light and GPP assumes minimal nutrient limitation of GPP, but stream autotrophs can
have high nutrient demands, and therefore, high
nutrient uptake (red-dashed line in Figs. 1–5) is
expected to track GPP relatively closely early
in stand development demand (Hill et al. 2001,
Larned 2010, Mulholland and Webster 2010,
Finlay et al. 2011). In the middle and later stages
of stand development or after partial disturbance
events when changes in light are accompanied
by changes in stream wood, we see elevated
nutrient demand above and beyond those associated with autotrophy alone. The presence of
large wood in the stream can alter stream flow
paths and can promote carbon retention, both
of which can lead to additional heterotrophic
nutrient demand (Benda et al. 2002, Valett et al.
2002, May and Gresswell 2003, Warren et al.
2007). While wood is not a focus of these models, we address its potential influence in regard
to nutrient dynamics by applying a rate of
increase in nutrient uptake late in stand development that exceeds that of stream light (and
this assumes low initial wood volume following
stand replacement). Light and nutrients can also
interact. For example, the light levels at which
periphyton become photosaturated can increase
with increasing background nutrient levels (Hill
and Fanta 2008, Kiffney 2008). Therefore, while
photosaturation is depicted in these figures as
occurring near the highest light levels soon after
5
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Fig. 1. Conceptual diagram for how mean and variance of stream light, in-stream primary production,
nutrient processing, and the amount of autochthonous carbon fueling the stream food web change through time
following a high-density tree recruitment after stand-replacing disturbance. The dashed box encompasses the
time period with lowest light. The arrow represents the start of the transition from the stem-exclusion phase of
stand development progressing through to the gap-dynamic phase of stand development in a “classic” stand
development framework with limited additional disturbance during regeneration. This model is the trajectory
of stand development used in existing conceptual models that address long-term light dynamics in streams as a
driver of gross primary production (GPP) and ultimately fish production in streams from the Pacific Northwest
ecoregion: Sedell and Swanson (1984), Gregory et al. (1987), Mellina and Hinch (2009). Scenario 1: Hypothesized
changes in stream ecosystems function with stand development under high-density riparian tree recruitment.
Light reaches a minimum 20–60 yr after a stand-replacing event during the stem-exclusion phase of development.
Stream GPP, light variability, and stream nutrient processing and the amount of autochthonous carbon
incorporated into higher trophic levels in stream food web all reach a minimum at this time. Later in stand
development, increasing canopy complexity creates patches of light beneath gaps that increase mean stream
light and the spatial variability of stream light. This in turn leads to increases in GPP (assuming adequate nutrient
availability), which increases autochthonous carbon in the food web. The proportion of autochthonous carbon
increases more than GPP due to periphyton carbon quality. Increases in stream nutrient cycling in this scenario
increase disproportionally due to additional contributions of stream wood later in stand development (data not
shown) per Valett et al. (2002).

supporting higher trophic levels (black line in
Figs. 1–5) to coincide largely with increases in
stream light (but with higher rates of change). We
keep the autochthonous carbon contribution line
above the GPP line across all models.

stand replacement (when GPP is flat while light
levels increase), photosaturation could occur
a lower light levels in low nutrient systems. As
noted above, stream periphyton is a high-quality
resource for stream biota and periphyton isotopic signals can be found in consumers at levels
disproportionate to the availability of periphyton in the stream (McCutchan and Lewis 2002,
Cross et al. 2005, Hill et al. 2010, Kelly et al. 2014).
We, therefore, expect increases in the relative
importance of autochthonous organic matter in
v www.esajournals.org

Alternative stand development trajectories
1. In the first scenario, the riparian forest regenerates with high stem densities. The period of
lowest light availability occurs during the
6
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Fig. 2. Conceptual diagram for how mean and variance of stream light, in-stream primary production,
nutrient processing, and the amount of autochthonous carbon fueling the stream food web change through time
following a stand-replacing event in the riparian forest under low-density tree recruitment. Arrow represents
the period when the system shifts toward gap-dynamic processes increasingly dominating stream light exposure.
Scenario 2: Hypothesized changes in stream ecosystems function with stand development under low-density
riparian tree recruitment. Light reaches a minimum 20–30 yr after a stand-replacing event, but due to low stem
density, there is limited stem-exclusion mortality. Stream gross primary production (GPP), light variability,
stream nutrient processing and the amount of autochthonous carbon incorporated into higher trophic levels in
stream food web all reach a minimum after canopy closure, but the values are not as low as in a site with high-
density tree regeneration due to greater diffuse light through a more sparse canopy and the capacity for
individual mortality to create canopy gaps that in turn lead to associated increases in stream light. In the middle
of stand development, light in the stream decreases slightly as the understory develops and then increases back
to a mean level consistent with a late-successional system with complexity canopy structure. Stream GPP and
autochthonous carbon contributions to the food web follow light with the proportion of autochthonous carbon
increasing more than GPP due to high periphyton carbon quality. The larger increases in stream nutrient cycling
later in stand development in this scenario are due to increases in larger log recruitment, which have greater
probability of staying stable in the stream and therefore greater potential to modify stream habitat and carbon
retention in wood jams.

dynamics of stand development and its influences on stream light and ultimately fish populations (Sedell and Swanson 1984, Gregory
et al. 1987, Mellina and Hinch 2009). In this
scenario, following a period of low-light fluxes
during stem exclusion, we expect a modest but
biologically relevant increase in light availability late in stand development as canopy structure becomes increasingly complex and gaps
that allow for patches of elevated light on the
streambed become more common (Fig. 1,
yellow line).

stem-exclusion phase of development and
after the stand has grown tall enough for the
trees to shade the stream. The specific age at
which canopy closure occurs will depend on
stream size (sooner in smaller streams), plant
community composition, and the climatic and
localized conditions (e.g., soils) that influence
stand growth rates. This first scenario reflects
the stand development trajectory that is most
commonly considered and reflects the trajectory used in the early and most commonly
cited studies that focus on the temporal
v www.esajournals.org
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Fig. 3. Conceptual diagram for how mean and variance of stream light, in-stream primary
production, nutrient processing, wood standing stocks, and the amount of autochthonous carbon
fueling the stream food web change through time in a system that experience high-density riparian
tree recruitment—and therefore goes through a stem-exclusion phase of stand development—but
which then undergoes a non-stand-replacing disturbance event in the riparian zone that kill a subset
of the dominant canopy trees (e.g., species-specific insect and pathogen outbreaks, ice storm). In this
trajectory, the stream is wide and/or understory plant grow is limited following canopy opening, and
therefore, the non-stand-replacing event increases stream light for a long period of time with the
system eventually reverting to a gap-dynamic light condition. Scenario 3: Hypothesized changes in
stream ecosystems function with stand development under high-density riparian tree recruitment
and a non-stand-replacing disturbance event that occurs in mid-successional with limited understory
growth over the stream. Light reaches a minimum 20–60 yr after a stand-replacing event, but a non-
stand-replacing event in this period reduces canopy cover and increases mean stream light, which in
turn leads to increases in stream gross primary production (GPP) (assuming adequate nutrient
availability), light variability, stream nutrient processing, and the amount of autochthonous carbon
incorporated into higher trophic levels. Canopies close within a few a few decades but with the
reduction in tree density from the non-stand-replacing event the system shifts to a gap-dynamic (late
successional) structure. The increase in GPP is not as large as the increase in light due to photosaturation
effects in gaps. Later in stand development, increasing canopy complexity creates patches of light
beneath gaps that increase mean stream light and the spatial variability of stream light. Increases in
stream nutrient cycling in this scenario increase are due to increased autotrophic demand along with
increased retention associated with large wood recruitment. For a wind-throw event, we would
expect to see the dark red large dashed line response. For insect and pathogen outbreaks where wood
recruitment will be delayed, we expect to see the light red, small dashed line response.
2. In our second scenario (Fig. 2), stand regeneration occurs at relatively low stem density.
Consequently, stem exclusion will be limited
and the system is likely to shift directly to a
patch-dynamic landscape with localized gaps
creating areas of elevated light from an early in
v www.esajournals.org

the regeneration process. In these systems, we
expect smaller changes in light later in stand
development relative to early regeneration
because, while age and community composition may change, canopy coverage over the
stream is likely to remain irregular but more
8
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Fig. 4. Conceptual diagram for how mean and variance of stream light, in-stream primary production,
nutrient processing, wood standing stocks, and the amount of autochthonous carbon fueling the stream food
web change through time in a system that experience high-density riparian tree recruitment—and therefore goes
through a stem-exclusion phase of stand development—but which then undergoes a non-stand-replacing
disturbance event in the riparian zone that kill a subset of the dominant canopy trees (e.g., species-specific insect
and pathogen outbreaks, ice storm). In contrast to scenario 3 (Fig. 3), the stream in this case is narrow and/or
understory plants are large and respond strongly to increases in understory light. Therefore, after a brief increase
in primary production following the event, light fluxes to the stream are substantially reduced in the period
following the disturbance with recovery to predisturbance levels occurring slowly. Scenario 4: Hypothesized
changes in stream ecosystems function with stand development under high-density riparian tree recruitment
and a non-stand-replacing disturbance event that occurs in mid-successional with a strong response in understory
shrubs adjacent to the stream. Light reaches a minimum 20–60 yr after a stand-replacing event, but a non-stand-
replacing event reduces canopy cover and increases mean stream light, which in turn leads to increases in stream
gross primary production (assuming adequate nutrients), light variability, stream nutrient processing, and the
amount of autochthonous carbon incorporated into higher trophic levels. The response in light is short, however,
as understory canopies close within a few years. In this scenario, the strong response in understory shrubs
persists, and dominates stream shading as the overstory canopy develops greater complexity. This scenario is
broadly consistent with a trajectory discussed by Webster et al. (2012) and Northington et al. (2013) in which
rhododendron (Rhododendron maximum) in the riparian zone responds strongly to the loss of overstory hemlock
(Tsuga canadensis) and ultimately increases stream shading. Increases in stream nutrient cycling in this scenario
are due to increased autotrophic demand along with increased retention associated with large wood recruitment.
For a wind-throw event, we expect the dark red dashed line, and for insect and pathogen outbreaks where wood
recruitment is delayed, we expect the light red, small dashed line.

consistent on average through time (Romme
et al. 2011, Lorimer and Halpin 2014).
3. In the third and fourth scenarios (Figs. 3 and 4),
we present a system that recovers with an initially high stem density but which goes through
a non-stand-replacing disturbance event that
alters the “classic” stand development trajectory
v www.esajournals.org

portrayed in the first scenario. In scenario three,
canopy trees dominate the light environment
and the stream is wide enough that understory
release does not affect stream light (Fig. 3). So
the loss of canopy in the non-stand-replacing
event leads to increases in stream light. In
the fourth scenario, understory vegetation is
9
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Fig. 5. Conceptual diagram for how mean and variance of stream light, in-stream primary production,
nutrient processing, wood standing stocks, and the amount of autochthonous carbon fueling the stream food
web change through time in a system that is actively managed. In this scenario, the riparian forest was cleared
to the water’s edge initially (reflecting historic land use) but a buffer is left in future management. There is a
commercial thinning that is applied at about 30–40 yr and harvest outside the riparian forest at about 60 yr.
Actual rotation rates and the size of the riparian buffer will affect the regularity of these cycles and the magnitude
of the responses to upland clearing. Scenario 5: Hypothesized changes in stream ecosystems function with stand
development under active current forest management (which leaves buffers on fish-bearing streams) following
an historic forest clearing event when stands were removed to the water’s edge. Pre-commercial thin is applied
to the stand early in development, which slightly increases light and associated processes in the stream. Then,
when the full-scale timber harvest occurs light increases more dramatically but because of a riparian buffer the
increase is not as large as occurred in association with historic forest management (per Kiffney et al. 2003).
Stream nutrient processing is driven primarily by autotrophic demand through much of this time period but
later, as forests in the buffers mature, wood recruitment becomes increasingly important and promotes additional
nutrient retention via increases in carbon retention and changes in hydrologic flow paths.

restrict forest management directly adjacent to
the stream, other areas allow greater riparian
intrusion. We present a scenario in which the
forest was initially cut to the stream and then
replanted at a high density (reflecting historic
forest management and therefore the conditions under which many riparian forests
across the country have more recently developed). In this scenario, riparian forests are
then thinned, which initially increases light
and also accelerates the transition to a gap-dynamic phase. Next, the upland outside the
riparian zone is harvested with a riparian buffer in place (reflecting current forest management regulations in many regions). Forest

important in creating stream shade and the
non-stand-replacing event releases the growth
of understory shrubs and trees, which enhances
shading (Fig. 4). This is reflective of what has
been suggested for some areas of the southeastern USA in response to the loss of eastern hemlock (Tsuga canadensis), in which the loss of
canopy trees allows understory rhododendron
(Rhododenron spp.) to thrive and shade smaller
headwaters (Webster et al. 2012, Northington
et al. 2013).
4. In the fifth scenario (Fig. 5), we explicitly consider one possible human management option
in and around the riparian zone. While regulations in many states and on federal land
v www.esajournals.org
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management outside the buffer can impact
light somewhat (Kiffney et al. 2003), but it
does not lead to a “reset” of the riparian forest.
The latter parts of this scenario reflecting management adjacent to the riparian zone that
affects light could also represent some of the
recent efforts at managing riparian forests to
emulate smaller periodic non-stand-replacing
natural disturbance events (Kreutzweiser
2012, Sibley et al. 2012).

l imited light, primary production is likely constrained, increasing the relative importance of
allochthonous litter in fueling secondary production. External food resources are clearly critical to
forested headwater streams, and these systems
are not expected to shift to net autotrophy as
stands develop. The consumption of heterotrophs by secondary consumers may even
increase as light increases because elevated light
levels can enhance allochthonous carbon assimilation and growth by bacteria (Lagrue et al. 2011,
Danger et al. 2013, Kuehn et al. 2014). Overall,
Implications and Caveats
however, as riparian forests transition from
mid-successional to mature and ultimately to
Understanding how long-term trajectories of late-successional status, light is likely to increase
stand development and recovery from stand- and the relative availability and importance of
replacing disturbances translate to changes in autochthonous carbon at the base of many food
stream light and associated stream ecosystem webs may increase substantially. Therefore, stand
function in forested ecosystems informs current structural development can influence our interresearch, our interpretation of past stream eco- pretation of stream ecosystem function because
system studies, and projected changes to forested the age and stage of stand development affect
freshwater ecosystems in the coming century stream light, which affects subsequent patterns
(Skelly et al. 2002, Kreutzweiser et al. 2012, Davis of nutrient demand and energy flow to higher
et al. 2013). Placing research on forested headwa- trophic levels (Skelly et al. 2002, Finlay et al. 2011,
ters in a temporal context can enhance our under- Julian et al. 2011, Wootton 2012, Lesutiene et al.
standing of the structure and function of these 2014).
ecosystems and how processes may change in
Although factors such as nutrient availability,
the future depending on where along a develop- grazing pressure, and substrate stability can also
mental continuum the systems currently occur. influence stream primary production, a number
For example, a classic paradigm in stream ecol- of studies found that small-to-moderate changes
ogy is that forested headwater streams are het- in stream light fluxes (< 40% change in canerotrophic, with food webs supported almost opy cover) can promote productivity of stream
entirely by allochthonous material from the adja- periphyton with subsequent increases in nutricent riparian forest (e.g., Fisher and Likens 1973), ent demand, grazing macroinvertebrate abunand see review by Tank et al. (2010). In the past dances, and the biomass of aquatic predators
few decades, a number of studies have chal- (Kiffney et al. 2003, 2004, Hill et al. 2010). Quinn
lenged this paradigm (McCutchan and Lewis et al. (1997), for example, observed increases in
2002, Brito et al. 2006, McNeely et al. 2007, Li and primary production, algal standing stocks, and
Dudgeon 2008, Lau et al. 2009a, Schmid-Araya invertebrate biomass in streams when the peret al. 2012) by showing that consumer communi- centage of maximum ambient sunlight increased
ties are disproportionally reliant on autochtho- from as little as 2–10% and then again from 10%
nous carbon, even when algal standing stocks are to 40%. In a series of headwater streams in British
low. We suggest that results from early research Columbia, Canada, Kiffney et al. (2003) found
that demonstrated strong dependence on alloch- that even with fully forested 30-m-wide buffers,
thonous carbon for stream consumers may par- the small increases in ambient light associated
tially be a product of when in the trajectory of with removal of trees outside the buffer zone
riparian forest development the work was con- led to a significant increase in stream periphyducted. Early- and mid-successional second- ton biomass and accrual rates relative to nearby
growth forests encompass the period in stand fully forested reference reaches. Hill et al. (2010)
development when light fluxes to the forest floor demonstrated that the growth rate of stream
and associated streams are at a minimum. With grazers was closely associated with the amount
v www.esajournals.org
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of primary production in the stream and followed
patterns of seasonal light availability. In a 13C
addition study, Lesutiene et al. (2014) found that
elevated light led to greater primary production
and to more efficient assimilation of the instream
primary production by consumers, which they
attributed to greater availability of high-quality
food. Studies using stable isotope analysis also
provide evidence that many stream consumers
acquire a majority of their energy from instream
production despite low algal standing stocks
(Finlay 2001, McCutchan and Lewis 2002, Brito
et al. 2006). Forty to eighty percent of consumer
production was supported by instream primary
production, even though autochthonous material
represented only < 2–40% of total available carbon in Colorado headwater streams (McCutchan
and Lewis 2002). Fewer studies have explored
how changes in stream light affect higher trophic levels, but there is evidence that in forested
headwaters moderate increases in light can promote the growth and production of fish via bottom-up processes (Murphy et al. 1981, Kiffney
and Roni 2007, Mellina and Hinch 2009, Kiffney
et al. 2014). Overall, these studies highlight the
potential for small increases in stream light that
occur in association with the transition to late-
successional stand structure to indeed result in
notable changes in headwater stream ecosystems.
There are six published models that address
riparian forest recovery from a stand-replacing
event and specifically including stream light, and
associated bottom-up driven changes aquatic ecosystem biota and/or ecosystem function: (1) Sedell
and Swanson (1984), (2) Gregory et al. (1987), (3)
Minshall et al. (1989), (4) Gresswell (1999), (5)
Mellina and Hinch (2009), and (6) Romme et al.
(2011). In all cases, ecosystem recovery reflects
some variation of scenario one in the conceptual
models described here, with high stem density
and low stream light after canopy closure. Sedell
and Swanson (1984), Gregory et al. (1987), and
Mellina and Hinch (2009) focus on stand development following forest management in the coastal,
humid Pacific Northwest ecoregion. All three of
these models include or imply increases in light
later in stand development as canopy complexity
increases. The Minshall et al. (1989), Gresswell
(1999), and Romme et al. (2011) models address
ecosystem recovery from stand-replacing fires
in the dry Intermountain West region of North
v www.esajournals.org
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America. The Romme et al. (2011) model is a
modification of Minshall et al. (1989), which
was based on observations following 20 yr of
stand recovery from the Yellowstone fire of 1989.
There are no specific conceptual models for how
changes in stand development and its influences
on light are likely to affect stream ecosystems in
other regions for other forests. Nislow (2005) and
Brooks et al. (2012) do explore in prose the relationships between various stages of stand development, stream light, and stream fish production
in deciduous hardwood forests. They focus primarily on a trajectory that is most constant with
scenario one above as well. Overall, the models
presented in this paper are not intended to supplant existing models, but to (1) highlight the
potential for alterative development trajectories
and processes of stand development that could
be considered across multiple systems, and (2)
provide new components and new perspectives
on how changes in stand structure over time and
the associated influences of changing structure
on stream light will affect ecosystem processes.
To place our current models in the context of
the earlier studies that presented fish biomass as a
key response variable, we developed projections
of fish (salmonid) biomass over time in a set of
headwater streams under each of the five scenarios (Fig. 6). Key assumptions for these responses
are that (1) habitat is not degraded—including
pool habitat, wood cover, and sedimentation,
(2) temperatures remain below thermally stressful levels for the dominant salmonid, (3) GPP is
not strongly nutrient limited, and (4) the macroinvertebrate species that increase in response to
greater primary production under higher light
are a quality food resource for trout. Mellina and
Hinch (2009) demonstrated that stream cleaning (intentional wood removal following timber
harvest) and an associated loss of habitat was an
important factor leading to a negative response
of fish to forest management. Current management does not clean streams, so this assumption
is reasonable when considering future management. Removing all riparian vegetation and
increasing light flux increases stream temperature (Johnson 2004). If temperatures reach stressful levels, we would expect declines in salmonid
abundance but in many headwater streams and
systems where groundwater inputs dominate, or
in cases where light increases but adequate shade
August 2016 v Volume 7(8) v Article e01435
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is maintained, temperatures may be limited and
can remain below thermally stressful levels
(Groom et al. 2011). Increases in primary production that are consumed by inedible or low-energy
macroinvertebrates will decouple an autotrophic
response to increasing light from a response in
stream fish. This was articulated in the conceptual
models of Power and Dietrich (2002) addressing
the influence of snails on stream food webs and
stream energy flow in the context of large river
vs. small headwater streams.
Ultimately, the early conceptual diagrams of
changing stream light over time as well as the set
of alterative trajectories presented here provide
useful broad frameworks for considering how
stream function can change over time as riparian forest structure changes; however, caution

should be used in applying a specific stand age
to these trajectories. The characterization of forest structure and the processes that influence
structure remain an ongoing and important area
of research and in the field of forest ecology.
Studies are increasingly moving toward describing forest structural changes through time as continuous rather than using developmental stages
or assigning ages to approximate when changes
will occur (Donato et al. 2012, Lorimer and Halpin
2014, Reilly and Spies 2015). Lorimer and Halpin
(2014), for example, used the basal area of live
trees of different size classes to categorize forests into different structural stages and focus on
alternative trajectories and drivers of the transitions between these stages. Alternatively, Reilly
and Spies (2015) focus on tree density and stand

Fig. 6. Applying projections of trout biomass responses to each of five stand development trajectories.
(Scenario 1: stand development under high density tree recruitment; Scenario 2: stand development under low
density tree recruitment; Scenario 3: stand development with non-stand replacing disturbance and limited
understory shading; Scenario 4: stand development with non-stand-replacing disturbance and release of
understory shading; and Scenario 5, forest management with a small riparian buffer and two entries into the
adjacent upland–pre-commercial thinning and later harvest.) Gray area around the initial increase reflects and
highlights potential variability in the magnitude of a hypothesized initial positive response. While opening the
canopy increases temperature as well as light, all scenarios here assume that the initial increases in light do not
increase temperatures to stressful levels for headwater trout (> 16°C). Substantial increases in temperature,
changes in sediment loading, and the fate of stream wood will all affect how fish in these systems ultimately
respond to a stand-replacing event (Mellina and Hinch 2009).
v www.esajournals.org
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biomass to create multiple stand developmental
categories and highlight the potential for forests to
transition between a stages as a function of stand
productivity, climate, disturbance history, and
rates of tree mortality. Changes through time are
a key theme to all of this work, and overall, there
is often strong alignment between contemporary
models of stand development and historic projections of changing stand structure over time—
especially following a stand-replacing event. The
key differences are consideration of complexity,
particularly alterative development trajectories
and a recognition of the importance of moderate
disturbance events as drivers of long-term structural dynamics. Headwater ecosystems which are
strongly influenced by the structure of the riparian forest can therefore also progress under multiple changes in stream function over time.

with recovery from historic and current forest
management will influence and interact with
impacts of a changing climate to affect stream
function. We therefore stress a consideration of
the past as well as the future as we evaluate
stream ecosystems in the coming century.

Acknowledgments
We thank R. Bilby, J. Burton, R. S. Warren,
S. Wondzell, and two anonymous reviewers for their
input on the manuscript. This work does not reflect the
views of NOAA or NH Fish and Game. This work was
supported in part by the HJ Andrews Experimental
Forest Research Program within NSF’s LTER Program
(grant: DEB 08-23380).

Literature Cited

Conclusion
For centuries, trees have been removed from
riparian zones in temperate regions for timber,
fuel, agriculture, residential development, and
industrial land development. However, beginning in the mid- to late 20th century, land-use
changes and improved forest management practices in North America reduced the amount of
riparian forest clearing leading to a period of
reforestation (Foster et al. 1998, Pan et al. 2011,
Brooks et al. 2012, Richardson et al. 2012). As a
result, many mid-size and small headwater
streams across North America currently flow
through heavily forested landscapes that are
dominated by stands in the mid-seral, stem-
exclusion phase of development (Pan et al. 2011).
Given the age and structure of these forests, we
anticipate substantial changes in the amount and
distribution of light in many headwater streams
the next 50–100 yr. As stands mature and experience small-scale disturbances, canopy structural
complexity and in-turn, light availability beneath
the canopy will increase (Emborg 1998, Franklin
et al. 2002, Bartemucci et al. 2006). In most
regions, we expect increases in light, but even in
systems where the total flux does not change, we
still anticipate increases in the spatial variability
of stream light, and light is a key variable influencing key stream processes. Across North
America, and indeed globally, ecosystems are in
flux and changes in forest structure associated
v www.esajournals.org

14

Allen, D. M., and M. M. Castillo. 2007. Stream ecology:
strucuture and function of running waters. Second
edition. Springer, Dordrecht, The Netherlands.
Ambrose, H. E., M. A. Wilzbach, and K. W. Cummins.
2004. Periphyton response to increased light and
salmon carcass introduction in northern California
streams. Journal of the North American Benthological Society 23:701–712.
Bartemucci, P., C. Messier, and C. D. Canham. 2006.
Overstory influences on light attenuation patterns
and understory plant community diversity and
composition in southern boreal forests of Quebec.
Canadian Journal of Forest Research 36:2065–2079.
Benda, L. E., P. Bigelow, and T. M. Worsley. 2002. Recruitment of wood to streams in old-growth and
second-growth redwood forests, northern California, USA. Canadian Journal of Forest Research
32:1460–1477.
Bernhardt, E. S., and G. E. Likens. 2004. Controls on
periphyton biomass in heterotrophic streams.
Freshwater Biology 49:14–27.
Bernot, M. J., et al. 2010. Inter-regional comparison of
land-use effects on stream metabolism. Freshwater
Biology 55:1874–1890.
Bilby, R. E. 1981. Role of organic debris dams in regulating the export of dissolved and particulate matter
from a forested watershed. Ecology 62:1234–1243.
Blinn, C. R., and M. A. Kilgore. 2001. Riparian management practices: a summary of state guidelines.
Journal of Forestry 99:11–17.
Boston, H. L., and W. R. Hill. 1991. Photosynthesis
light relations of stream periphyton communities.
Limnology and Oceanography 36:644–656.
Brito, E. F., T. P. Moulton, M. L. De Souza, and S. E.
Bunn. 2006. Stable isotope analysis indicates
microalgae as the predominant food source of

August 2016 v Volume 7(8) v Article e01435

Synthesis & Integration

Warren et al.

f auna in a coastal forest stream, south-east Brazil.
Austral Ecology 31:623–633.
Brooks, R. T., K. H. Nislow, W. H. Lowe, M. K. Wilson,
and D. I. King. 2012. Forest succession and
terrestrial-aquatic biodiversity in small forested
watersheds: a review of principles, relationships
and implications for management. Forestry 85:
315–327.
Burton, J. I., E. K. Zenner, L. E. Frelich, and M. W.
Cornett. 2009. Patterns of plant community structure within and among primary and second-
growth northern hardwood forest stands. Forest
Ecology and Management 258:2556–2568.
Cross, W. F., J. P. Benstead, P. C. Frost, and S. A.
Thomas. 2005. Ecological stoichiometry in freshwater benthic systems: recent progress and perspectives. Freshwater Biology 50:1895–1912.
Curzon, M. T., and W. S. Keeton. 2010. Spatial characteristics of canopy disturbances in riparian
old-growth hemlock—northern hardwood forests,
Adirondack Mountains, New York, USA. Canadian Journal of Forest Research 40:13–25.
Danger, M., J. Cornut, E. Chauvet, P. Chavez, A. Elger,
and A. Lecerf. 2013. Benthic algae stimulate leaf
litter decomposition in detritus-based headwater
streams: A case of aquatic priming effect? Ecology
94:1604–1613.
Davis, J. M., C. V. Baxter, E. J. Rosi-Marshall, J. L.
Pierce, and B. T. Crosby. 2013. Anticipating stream
ecosystem responses to climate change: toward
predictions that incorporate effects via land-water
linkages. Ecosystems 16:909–922.
Denicola, D. M., K. D. Hoagland, and S. C. Roemer.
1992. Influences of canopy cover on spectral irradiance and periphyton assemblages in a prairie
stream. Journal of the North American Benthological Society 11:391–404.
Donato, D. C., J. L. Campbell, and J. F. Franklin.
2012. Multiple successional pathways and precocity in forest development: Can some forests
be born complex? Journal of Vegetation Science
23:576–584.
Emborg, J. 1998. Understorey light conditions and
regeneration with respect to the structural dynamics of a near-natural temperate deciduous forest
in Denmark. Forest Ecology and Management
106:83–95.
Ensign, S. H., and M. W. Doyle. 2005. In-channel
transient storage and associated nutrient retention: evidence from experimental manipulations.
Limnology and Oceanography 50:1740–1751.
Finlay, J. C. 2001. Stable-carbon-isotope ratios of river
biota: implications for energy flow in lotic food
webs. Ecology 82:1052–1064.
Finlay, J. C., J. M. Hood, M. P. Limm, M. E. Power,
J. D. Schade, and J. R. Welter. 2011. Light-mediated
v www.esajournals.org

15

thresholds in stream-water nutrient composition in
a river network. Ecology 92:140–150.
Fisher, S. G., and G. E. Likens. 1972. Stream ecosystem:
organic energy budget. BioScience 22:33.
Fisher, S. G., and G. E. Likens. 1973. Energy flow in
bear brook, New Hampshire: integrative approach
to stream ecosystem metabolism. Ecological Monographs 43:421–439.
Foster, D. R., G. Motzkin, and B. Slater. 1998. Land-
use history as long-term broad-scale disturbance:
regional forest dynamics in central New England.
Ecosystems 1:96–119.
Franklin, J. F., et al. 2002. Disturbances and structural development of natural forest ecosystems with
silvicultural implications, using Douglas-fir forests
as an example. Forest Ecology and Management
155:399–423.
Franklin, J. F., and R. Van Pelt. 2004. Spatial aspects
of structural complexity in old-growth forests.
Journal of Forestry 102:22–28.
Gravel, D., C. D. Canham, M. Beaudet, and C. Messier.
2010. Shade tolerance, canopy gaps and mechanisms of coexistence of forest trees. Oikos 119:475–
484.
Greenwood, J. L., and A. D. Rosemond. 2005. Periphyton response to long-term nutrient enrichment in
a shaded headwater stream. Canadian Journal of
Fisheries and Aquatic Sciences 62:2033–2045.
Gregory, S. V. 1997. Riparian management in the
21st century. Pages 69–86 in K. A. Kohm and J. F.
Franklin, editors. Creating forestry for the 21st century: the science of ecosystem management. Island
Press, Washington, D.C., USA.
Gregory, S. V., G. A. Lamberti, D. C. Erman, K. V.
Koski, M. L. Murphy, and J. R. Sedell. 1987.
Influences of forest practices on aquatic production. Pages 233–255 in E. O. Salo and T. W. Cundy,
editors. Streamside management: forestry and
fishery interactions. University of Washington,
Institute of Forest Resources, Seattle, Washington,
USA.
Gregory, S., K. Boyer, and A. Gurnell, editors. 2003. The
ecology and management of wood in world rivers.
American Fisheries Society, Bethesda, Maryland,
USA.
Gresswell, R. E. 1999. Fire and aquatic ecosystems in
forested biomes of North America. Transactions of
the American Fisheries Society 128:193–221.
Groom, J. D., L. Dent, and L. J. Madsen. 2011. Stream
temperature change detection for state and private
forests in the Oregon Coast Range. Water Resources Research 47:W01501.
Hall, R. O., E. S. Bernhardt, and G. E. Likens. 2002.
Relating nutrient uptake with transient storage in
forested mountain streams. Limnology and Oceanography 47:255–265.
August 2016 v Volume 7(8) v Article e01435

Synthesis & Integration

Warren et al.
Kiffney, P. M., E. R. Buhle, S. M. Naman, G. R. Pess, and
R. S. Klett. 2014. Linking resource availability and
habitat structure to stream organisms: an experimental and observational assessment. Ecosphere
5:39. http://dx.doi.org/10.1890/ES13-00269.1
Kiffney, P. M., C. M. Greene, J. E. Hall, and J. R. Davies.
2006. Tributary streams create spatial discontinuities in habitat, biological productivity, and
diversity in mainstem rivers. Canadian Journal of
Fisheries and Aquatic Sciences 63:2518–2530.
Kiffney, P. M., J. S. Richardson, and J. P. Bull. 2003. Responses of periphyton and insects to experimental
manipulation of riparian buffer width along forest
streams. Journal of Applied Ecology 40:1060–1076.
Kiffney, P. M., J. S. Richardson, and J. P. Bull. 2004. Establishing light as a causal mechanism structuring
stream communities in response to experimental
manipulation of riparian buffer width. Journal
of the North American Benthological Society 23:
542–555.
Kiffney, P. M., and P. Roni. 2007. Relationships between
productivity, physical habitat, and aquatic invertebrate and vertebrate populations of forest streams:
an information-theoretic approach. Transactions of
the American Fisheries Society 136:1088–1103.
Kreutzweiser, D. P. 2012. Forest management practices
based on emulation of natural disturbances (END):
implications for aquatic ecosystems. Freshwater
Science 31:222–223.
Kreutzweiser, D. P., P. K. Sibley, J. S. Richardson, and
A. M. Gordon. 2012. Introduction and a theoretical
basis for using disturbance by forest management
activities to sustain aquatic ecosystems. Freshwater Science 31:224–231.
Kuehn, K. A., S. N. Francoeur, R. H. Findlay, and R. K.
Neely. 2014. Priming in the microbial landscape:
periphytic algal stimulation of litter-associated
microbial decomposers. Ecology 95:749–762.
Lagrue, C., J. S. Kominoski, M. Danger, J. M. Baudoin,
S. Lamothe, D. Lambrigot, and A. Lecerf. 2011.
Experimental shading alters leaf litter breakdown
in streams of contrasting riparian canopy cover.
Freshwater Biology 56:2059–2069.
Larned, S. T. 2010. A prospectus for periphyton:
recent and future ecological research. Journal
of the North American Benthological Society 29:
182–206.
Lau, D. C. P., K. M. Y. Leung, and D. Dudgeon. 2009a.
Are autochthonous foods more important than
allochthonous resources to benthic consumers in
tropical headwater streams? Journal of the North
American Benthological Society 28:426–439.
Lau, D. C. P., K. M. Y. Leung, and D. Dudgeon. 2009b.
What does stable isotope analysis reveal about
trophic relationships and the relative importance
of allochthonous and autochthonous resources

Hall, R. O., J. B. Wallace, and S. L. Eggert. 2000. Organic matter flow in stream food webs with reduced
detrital resource base. Ecology 81:3445–3463.
Hanson, J. J., and C. G. Lorimer. 2007. Forest structure and light regimes following moderate wind
storms: implications for multi-cohort management.
Ecological Applications 17:1325–1340.
Hedman, C. W., D. H. VanLear, and W. T. Swank. 1996.
In-stream large woody debris loading and riparian
forest seral stage associations in the southern
Appalachian Mountains. Canadian Journal of Forest Research 26:1218–1227.
Hill, W. R., and S. M. Dimick. 2002. Effects of riparian leaf dynamics on periphyton photosynthesis
and light utilisation efficiency. Freshwater Biology
47:1245–1256.
Hill, W. R., and S. E. Fanta. 2008. Phosphorus and light
colimit periphyton growth at subsaturating irradiances. Freshwater Biology 53:215–225.
Hill, W. R., S. E. Fanta, and B. J. Roberts. 2009. Quantifying phosphorus and light effects in stream algae.
Limnology and Oceanography 54:368–380.
Hill, W. R., P. J. Mulholland, and E. R. Marzolf. 2001.
Stream ecosystem responses to forest leaf emergence in spring. Ecology 82:2306–2319.
Hill, W. R., M. G. Ryon, and E. M. Schilling. 1995.
Light limitation in a stream ecosystem—responses
by primary producers and consumers. Ecology
76:1297–1309.
Hill, W. R., J. G. Smith, and A. J. Stewart. 2010. Light,
nutrients, and herbivore growth in oligotrophic
streams. Ecology 91:518–527.
Johnson, S. L. 2004. Factors influencing stream temperatures in small streams: substrate effects and a
shading experiment. Canadian Journal of Fisheries
and Aquatic Sciences 61:913–923.
Johnson, L. T., J. L. Tank, and W. K. Dodds. 2009. The
influence of land use on stream biofilm nutrient
limitation across eight North American ecoregions.
Canadian Journal of Fisheries and Aquatic Sciences
66:1081–1094.
Julian, J. P., S. Z. Seegert, S. M. Powers, E. H. Stanley,
and M. W. Doyle. 2011. Light as a first-order control on ecosystem structure in a temperate stream.
Ecohydrology 4:422–432.
Keeton, W. S., C. E. Kraft, and D. R. Warren. 2007.
Mature and old-growth riparian forests: structure,
dynamics, and effects on Adirondack stream habitats. Ecological Applications 17:852–868.
Kelly, P. T., C. T. Solomon, B. C. Weidel, and S. E.
Jones. 2014. Terrestrial carbon is a resource, but
not a subsidy, for lake zooplankton. Ecology
95:1236–1242.
Kiffney, P. M. 2008. Response of lotic producer and consumer trophic levels to gradients of resource supply and predation pressure. Oikos 117:1428–1440.
v www.esajournals.org

16

August 2016 v Volume 7(8) v Article e01435

Synthesis & Integration

Warren et al.

in tropical streams? A synthetic study from Hong
Kong. Freshwater Biology 54:127–141.
Lee, P., C. Smyth, and S. Boutin. 2004. Quantitative
review of riparian buffer width guidelines from
Canada and the United States. Journal of Environmental Management 70:165–180.
Lesutiene, J., E. Gorokhova, D. Stankeviciene, E. Bergman, and L. Greenberg. 2014. Light increases energy transfer efficiency in a boreal stream. PLoS ONE
9:e113675.
Li, A. O. Y., and D. Dudgeon. 2008. Food resources of
shredders and other benthic macroinvertebrates
in relation to shading conditions in tropical Hong
Kong streams. Freshwater Biology 53:2011–2025.
Lorimer, C. G., and C. R. Halpin. 2014. Classification
and dynamics of developmental stages in late-
successional temperate forests. Forest Ecology and
Management 334:344–357.
Matheson, F. E., J. M. Quinn, and M. L. Martin. 2012.
Effects of irradiance on diel and seasonal patterns
of nutrient uptake by stream periphyton. Freshwater Biology 57:1617–1630.
May, C. L., and R. E. Gresswell. 2003. Processes and
rates of sediment and wood accumulation in headwater streams of the Oregon Coast Range, USA.
Earth Surface Processes and Landforms 28:409–424.
McClain, M. E., et al. 2003. Biogeochemical hot spots
and hot moments at the interface of terrestrial and
aquatic ecosystems. Ecosystems 6:301–312.
McCutchan, J. H., and W. M. Lewis. 2002. Relative importance of carbon sources for macroinvertebrates
in a Rocky Mountain stream. Limnology and
Oceanography 47:742–752.
McNeely, C., J. C. Finlay, and M. E. Power. 2007.
Grazer traits, competition, and carbon sources to
a headwater-stream food web. Ecology 88:391–401.
McTammany, M. E., E. F. Benfield, and J. R. Webster.
2007. Recovery of stream ecosystem metabolism
from historical agriculture. Journal of the North
American Benthological Society 26:532–545.
Meleason, M. A., S. V. Gregory, and J. P. Bolte. 2003.
Implications of riparian management strategies on
wood in streams of the Pacific Northwest. Ecological Applications 13:1212–1221.
Mellina, E., and S. G. Hinch. 2009. Influences of riparian logging and in-stream large wood removal on
pool habitat and salmonid density and biomass: a
meta-analysis. Canadian Journal of Forest Research
39:1280–1301.
Minshall, G. W., J. T. Brock, and J. D. Varley. 1989.
Wildfires and Yellowstone stream ecosystems. BioScience 39:707–715.
Montgomery, D. R., J. M. Buffington, R. D. Smith, K. M.
Schmidt, and G. Pess. 1995. Pool spacing in forest
channels. Water Resources Research 31:1097–1105.

v www.esajournals.org

17

Mulholland, P. J., and J. R. Webster. 2010. Nutrient
dynamics in streams and the role of J-NABS. Journal of the North American Benthological Society
29:100–117.
Murphy, M. L., C. P. Hawkins, and N. H. Anderson. 1981. Effects of canopy modification and
accumulated sediment on stream communities.
Transactions of the American Fisheries Society
110:469–478.
Naiman, R. J., J. S. Bechtold, T. J. Beechie, J. J. Latterell,
and R. Van Pelt. 2010. A process-based view of
floodplain forest patterns in coastal river valleys of
the Pacific Northwest. Ecosystems 13:1–31.
Naiman, R. J., and H. Decamps. 1997. The ecology
of interfaces: riparian zones. Annual Review of
Ecology and Systematics 28:621–658.
Naiman, R. J., et al. 2012. Developing a broader scientific foundation for river restoration: Columbia River food webs. Proceedings of the National
Academy of Sciences of the United States of America 109:21201–21207.
Nislow, K. H. 2005. Forest change and stream fish habitat: lessons from ‘Olde’ and New England. Journal
of Fish Biology 67:186–204.
Noel, D. S., C. W. Martin, and C. A. Federer. 1986.
Effects of forest clearcutting in New England, USA
on stream macroinvertebrates and periphyton.
Environmental Management 10:661–670.
North, M. P., and W. S. Keeton. 2008. Emulating natural disturbance regimes: an emerging approach for
sustainable forest management. Pages 341–372 in
R. Lafortezza, J. Chen, G. Sanesi, and T. Crow, editors. Patterns and processes in forest landscapes:
multiple use and sustainable management. Springer, Dordrecht, The Netherlands.
Northington, R. M., J. R. Webster, E. F. Benfield, B. M.
Cheever, and B. R. Niederlehner. 2013. Ecosystem
function in Appalachian headwater streams during
an active invasion by the hemlock woolly adelgid.
PLoS ONE 8:e61171.
Oliver, C. D., and B. C. Larson. 1996. Forest stand
dynamics. Update edition. John Wiley and Sons
Inc., New York, New York, USA.
Pan, Y., J. M. Chen, R. Birdsey, K. McCullough, L. He,
and F. Deng. 2011. Age structure and disturbance
legacy of North American forests. Biogeosciences
8:715–732.
Pandian, T. J., and M. P. Marian. 1986. An indirect procedure for the estimation of assimilation efficiency
of aquatic insects. Freshwater Biology 16:93–98.
Parker, G. G., M. M. Davis, and S. M. Chapotin. 2002.
Canopy light transmittance in Douglas-fir-western
hemlock stands. Tree Physiology 22:147–157.
Power, M. E., and W. E. Dietrich. 2002. Food webs in
river networks. Ecological Research 17:451–471.

August 2016 v Volume 7(8) v Article e01435

Synthesis & Integration

Warren et al.
Sterner, R. W., and J. J. Elser. 2002. Ecological stoichiometry: the biology of elements from molecules to
biosphere. Princeton University Press, Princeton,
New Jersey, USA.
Stovall, J. P., W. S. Keeton, and C. E. Kraft. 2009. Late-
successional riparian forest structure results in heterogeneous periphyton distributions in low-order
streams. Canadian Journal of Forest Research
39:2343–2354.
Stuart, G. W., and P. J. Edwards. 2006. Concepts about
forests and water. Northern Journal of Applied
Forestry 23:11–19.
Tank, J. L., E. J. Rosi-Marshall, N. A. Griffiths, S. A.
Entrekin, and M. L. Stephen. 2010. A review of
allochthonous organic matter dynamics and metabolism in streams. Journal of the North American
Benthological Society 29:118–146.
USDA Forest Service. 2001. U.S. forest facts and
historical trends. US Forest Service, Washington,
D.C., USA.
Valett, H. M., C. L. Crenshaw, and P. F. Wagner. 2002.
Stream nutrient uptake, forest succession, and biogeochemical theory. Ecology 83:2888–2901.
Van Pelt, R., T. C. O’Keefe, J. J. Latterell, and R. J.
Naiman. 2006. Riparian forest stand development along the Queets River in Olympic National Park, Washington. Ecological Monographs
76:277–298.
Vitousek, P. M., and W. A. Reiners. 1975. Ecosystem
succession and nutrient retention: a hypothesis.
BioScience 25:376–381.
Von Schiller, D., E. Marti, J. L. Riera, and F. Sabater.
2007. Effects of nutrients and light on periphyton
biomass and nitrogen uptake in Mediterranean
streams with contrasting land uses. Freshwater
Biology 52:891–906.
Wallace, J. B., S. L. Eggert, J. L. Meyer, and J. R.
Webster. 1997. Multiple trophic levels of a forest
streams linked to terrestrial litter inputs. Science
277:102–104.
Warren, D. R., E. S. Bernhardt, R. O. J. Hall, and G.
E. Likens. 2007. Forest age, wood, and nutrient
dynamics in headwater streams of the Hubbard
Brook Experimental Forest, NH. Earth Surface Processes and Landforms 32:1154–1163.
Warren, D. R., S. M. Collins, E. M. Purvis, M. J. Kaylor,
and H. A. Becthold. 2016. Spatial variability in light
yields co-limitation of primary production by both
light and nutrients in a forested stream ecosystem.
Ecosystems, in press.
Warren, D. R., W. S. Keeton, H. A. Bechtold, and
E. J. Rosi-Marshall. 2013. Comparing streambed
light availability and canopy cover in streams with
old-growth versus early-mature riparian forests in
western Oregon. Aquatic Sciences 75:547–558.

Quinn, J. M., A. B. Cooper, M. J. Stroud, and G. P.
Burrell. 1997. Shade effects on stream periphyton
and invertebrates: an experiment in streamside
channels. New Zealand Journal of Marine and
Freshwater Research 31:665–683.
Reilly, M. J., and T. A. Spies. 2015. Regional variation
in stand structure and development in forests of
Oregon, Washington, and inland Northern California. Ecosphere 6:192.
Richardson, J. S., R. J. Naiman, and P. A. Bisson. 2012.
How did fixed-width buffers become standard
practice for protecting freshwaters and their
riparian areas from forest harvest practices? Freshwater Science 31:232–238.
Romme, W. H., M. S. Boyce, R. Gresswell, E. H. Merrill,
G. W. Minshall, C. Whitlock, and M. G. Turner.
2011. Twenty years after the 1988 Yellowstone fires:
lessons about disturbance and ecosystems. Ecosystems 14:1196–1215.
Schmid-Araya, J. M., D. F. Hernandez, P. E. Schmid,
and C. Drouot. 2012. Algivory in food webs of
three temperate Andean rivers. Austral Ecology
37:440–451.
Sedell, J. R., and F. J. Swanson. 1984. Ecological characteristics of streams in old-growth forests of the
Pacific Northwest. Pages 9–16 in W. R. Meeham,
T. R. Merrell, and T. A. Hanley, editors. Fish and
wildlife relationships in old-growth forests, Juneau,
Alaska. American Institute of Fishery Research
Biologists, Morehead City, North Carolina.
Seidl, R., M. J. Schelhaas, W. Rammer, and P. J. Verkerk.
2014. Increasing forest disturbances in Europe and
their impact on carbon storage (vol 4, pg 806, 2014).
Nature Climate Change 4:930.
Sibley, P. K., D. P. Kreutzweiser, B. J. Naylor, J. S.
Richardson, and A. M. Gordon. 2012. Emulation of
natural disturbance (END) for riparian forest management: synthesis and recommendations. Freshwater Science 31:258–264.
Skelly, D. K., L. K. Freidenburg, and J. M. Kiesecker.
2002. Forest canopy and the performance of larval
amphibians. Ecology 83:983–992.
Sobota, D. J., S. L. Johnson, S. V. Gregory, and L. R.
Ashkenas. 2012. A stable isotope tracer study of the
influences of adjacent land use and riparian condition on fates of nitrate in streams. Ecosystems
15:1–17.
Steinhart, G. S., G. E. Likens, and P. M. Groffman.
2000. Denitrification in stream sediments in five
northeastern (USA) streams. Verhandlungen des
Internationalen Verein Limnologie 27:1331–1336.
Steinman, A. D., R. H. Meeker, A. J. Rodusky, W. P.
Davis, and C. D. McIntire. 1997. Spatial and temporal distribution of algal biomass in a large, subtropical lake. Archiv fur Hydrobiologie 139:29–50.

v www.esajournals.org

18

August 2016 v Volume 7(8) v Article e01435

Synthesis & Integration

Warren et al.
Wellnitz, T. A., R. B. Rader, and J. V. Ward. 1996.
Importance of light and nutrients in structuring
an algal community in a Rocky Mountain stream.
Journal of Freshwater Ecology 11:399–413.
Woods, K. D. 2004. Intermediate disturbance in a late-
successional hemlock-northern hardwood forest.
Journal of Ecology 92:464–476.
Wootton, J. T. 2012. River food web response to large-scale
riparian zone manipulations. PLoS ONE 7:e51839.

Warren, D. R., C. E. Kraft, W. S. Keeton, J. S. Nunery,
and G. E. Likens. 2009. Dynamics of wood recruitment in streams of the northeastern U.S. Forest
Ecology and Management 258:804–813.
Webster, J. R., K. Morkeski, C. A. Wojculewski, B. R.
Niederlehner, E. F. Benfield, and K. J. Elliott. 2012.
Effects of hemlock mortality on streams in the
southern Appalachian Mountains. American Midland Naturalist 168:112–131.

v www.esajournals.org

19

August 2016 v Volume 7(8) v Article e01435

